Severe asthma is associated with an increased airway smooth muscle (ASM) mass and an altered composition of the extracellular matrix (ECM). Studies have suggested that ECM-ASM cell interactions contribute to this remodeling and its limited reversibility with current therapy.
Introduction
Asthma is a progressive and multi-component respiratory syndrome. Remodeling of the airways in asthma is characterized by structural changes leading to a thickening of the bronchial wall, persistent airflow obstruction, and hyperreactivity of the airways (Gibson, 2007) . In human asthma, tissue remodeling is believed to be weakly reversible or even irreversible following conventional treatments (corticosteroids / bronchodilators) even during extended periods of remission (Chetta, et al., 2003) . While airway remodeling is considered a target for asthma, little is known of the mechanisms involved in its development and reversibility. This is due to ethical considerations related to the invasiveness when sampling the airways, and technical limitations of the current imaging techniques.
As compared to single-layer culture, three-dimensional (3D) cell culture improves different cellular parameters including viability, adhesion, proliferation, etc. A study comparing the culture of skin fibroblasts on natural 3D matrices to their monolayer culture on different substrates revealed significant variations. Cell adhesion was 5 to 6 times greater on 3D matrix than on single-layer culture, cell migration was also increased and the acquisition of a morphology mimicking the in vivo appearance of the cells occurred faster (Cukierman, et al., 2001) . A study of human embryonic stem cell differentiation found that cells were physiologically and morphologically more representative of the native cells when cultured on a 3D matrix than when cultured on flasks (Baharvand, et al., 2006) . This is also supported by the finding that pulmonary fibroblasts response to tumor necrosis factor (TNF)α was increased in 3D culture when compared to monolayer culture (Htwe, et al., 2015) . There are different types of 3D culture including: 1) in suspension, 2) in gel scaffold or, 3) in natural or synthetic fibrous scaffold (Duval, et al., 2017 , Kapalczynska, et al., 2018 . Culturing cells on 3D bases is more difficult and requires longer culture time than in monolayer, but the results obtained are believed to be more representative of the natural environment (Duval, et al., 2017) .
Thus, in order to evaluate the behavior of airway smooth muscle (ASM) cells in the asthmatic airways, we aimed to decellularize an equine respiratory bronchus while maintaining its architecture and protein composition to allow recellularization by bronchial smooth muscle cells. Equine bronchi were studied as horses spontaneously develop an asthma-like condition that shares clinical and remodeling features with human asthma (Bullone and Lavoie, 2019) . Furthermore, it was shown in this model that ASM is increased, and only partially reversible even after 1 year of inhaled corticosteroids (Herszberg, et al., 2006 , Leclere, et al., 2012 . Results of the present study suggest that the bronchial smooth muscle cells preferentially colonize the bronchial smooth muscle extracellular matrix. These findings may allow investigating the interactions between smooth muscle cells and the extracellular matrix in the asthmatic airways.
Material and methods:

Animals
Archived lung tissues from four asthmatic and three control horses (5 mares and 2 geldings) aged 10-12 years from a tissue bank (htttp://www.btre.com) were studied. Four additional lungs were obtained from a slaughterhouse. The experimental protocol was approved by the ethical committee of the University of Montreal number Rech-1578.
Bronchi decellularization
Bronchi from 2 nd to 4 th generation were dissected from the surrounding lung tissues within 2 hours after euthanasia. The bronchi were then snap frozen in liquid nitrogen and kept at -80°C until used. These bronchi were thaw and decellularized using a protocol previously described (Wagner, et al., 2014) with minor modifications. Briefly, two consecutive cycles of detergent (Triton 1X, Sodium deoxycholate and sodium chloride) and enzymatic (DNase) treatments were followed by sterilization with paracetic acidethanol under continued agitation to ensure the elimination of any immunogenic cellular material that may hinder recellularization. Sections of bronchi were then paraffinembedded for histology or snap frozen for DNA and protein isolation.
Airway smooth muscle cell isolation and culture
Airway smooth muscle (ASM) cells were isolated from the same horses in the first hour after the death, as previously described (Vargas, et al., 2017) . In brief, the ASM layer was collected from the first bronchial bifurcation and then immersed in a digestion medium (Dulbeco's Modified Eagle Medium / F12 nutrient mix (Thermofisher, Waltham, MA) with 0.125 U/ml Collagenase H (Sigma Aldrich, St. Louis, MO), 1 mg/ml Trypsin inhibitor (Sigma Aldrich, St. Louis, MO), 1 U/ml elastase (Worthington biochemical, Lakewood, NJ), 1% Penicillin-Streptomycin (Wisent Inc., Saint-Jean-Baptiste, QC) and 0.1% Fungizone (Fisher Scientific, Hampton, NH) ). Cells (ASM) were seeded into ventilated cell culture flasks at 300,000 cells/cm 2 in DMEM/F12 medium supplemented with 0.0024 mg/ml adenine, 10% nondecomplemented fetal bovine serum (FBS) (Wisent Inc., Saint-Jean-Baptiste, QC), 1%
Penicillin-Streptomycin and 0.1% Fungizone and cultured at 37°C and 5% CO2 for 48 hours. Media was then changed every 48 hours until confluence was reached. Cells were frozen between the first and 4 th passage (P) in liquid nitrogen until being used.
Smooth muscle cells characterization
ASM cells were characterized by flow cytometry before recellularization, as previously described (Vargas, et al., 2017) . Briefly, cells were stained for intracellular markers with anti-α-SMA (mouse IgG2a, Sigma Aldrich, St. Louis, MO, 1/250), anti-desmin (rabbit polyclonal IgG, Abcam, Cambridge, UK, 1/200) and anti-SMMHC (rabbit IgG, Biomedial technologies, Stoughton, MA, 1/300) antibodies for 1 hour. Cells were then washed 3 times and incubated for 30 minutes in the dark with fluorescent dye-conjugated anti-IgG antibodies. Isotype-matched control antibodies (mouse IgG2a and rabbit IgG) were used as negative control. All signals greater than those of the isotype-matched control antibodies were considered positive, and degree of staining was evaluated as the mean fluorescence intensity and mean percentage of positive cells. This characterization showed simultaneous expression of α-SMA (mean±SEM) for 90% ± 8.6 cells, SMMHC for 71% ± 16 cells and desmin for 85 ± 9.2 cells.
Assessment of decellularization efficiency
Decellularized bronchi were stained and compared to native bronchi using the Russel modification of Movat Pentachrome (Russell, 1972) . The protocol was modified as the exposure time to ferric chloride and to alcoholic safran solution was changed to 1 and 5 minutes, respectively. Images were obtained at 100 and 200 magnifications using Panoptiq software (version 2) connected to a Prosilica GT camera (model: GT1920C) mounted on a Leica DM4000 B microscope.
DNA was isolated from 10 mg of frozen native and from freshly decellularized bronchi using DNeasy blood and tissue Kit ® (Invitrogen, Hilden, DE) as recommended by the manufacturer. DNA was then visualized on agarose gel. Quantification of doublestranded DNA before and after decellularization was done using the Qubit DNA BR Assay kit (Invitrogen, Carlsbad, CA) according to the manufacturer instructions. Proteins were extracted using T-PER (Thermofisher, Waltham, MA) and quantified using Qubit Protein Assay Kit (Invitrogen, Carlsbad, CA).
Immunohistochemical staining for collagen I, collagen IV and fibronectin was performed on 10% formalin preserved native and decellularized bronchi. Tissues were incubated overnight with primary antibodies (collagen I; rabbit anti-bovine IgG, Cederlane, Burlington, ON, dilution 1:500, collagen IV; mouse anti-human IgG, Dako, Carpinteria, CA, dilution 1:50, and fibronectin; unconjugated rabbit polyclonal antibody, Biorbyt, San Francisco, CA, dilution 1:150). The biotinylated secondary antibodies were applied at the same concentrations as the primary antibodies for 45 minutes. Vectastain ABC kit (Biolynx, Brockville, ON) was applied before DAB revelation (Vector Laboratories, Peterborough, UK) and a counterstain with Harry's hematoxylin. Negative controls were also prepared. They were stained with rabbit or mouse IgG instead of the primary antibodies to reveal potential unspecific staining. Using the negative controls as a benchmark, a semi-quantitative score was established for the basement membrane, smooth muscle, blood vessel and lamina propria labeling as follows: Grade 0: Absence of staining, Grade 1: Presence of staining. From this score, an average was established to compare the labeling difference between native and decellularized bronchi.
Bronchi recellularization protocol
Decellularized bronchi were split in two and secured on a sterile support, then cut into small pieces of a maximum of 1x1cm and rinsed in sterile PBS 1X. Tissues were then placed in a 24-well plate (Costar, Washington, D.C.) and recellularized with the ASM cells between P4 and P7 at a concentration of 158,000 cells/cm 2 . One and a half milliliters of medium were added to the culture under the same condition described above. After a 48-hour incubation, allowing primary adhesion, 1 ml of the medium was changed in each well. Then, the medium was changed every other day. Tissues were maintained in culture, in the same well, between 48 hours and 41 days or transferred at 31 days to a 6-well plate (Celltreat, Pepperell, MA) for 10 more days. Samples were collected at day 2, 7, 14, 21 and 31 without tissue transfer and at day 41 with and without tissue transfer (online resource 1).
Assessment of recellularization efficiency
Tissues were fixed in 10% formalin, paraffin-embedded then sliced at 4.5 μm thickness and stained using Movat Pentachrome histological staining protocol. The qualitative assessment of recellularization was based on a visual examination of the recellularized tissue sections under the optical microscope at 100 and 200 magnifications using the Panoptiq software, as previously described.
An immunofluorescence staining of 5 fresh-frozen bronchi recellularized at day 41 was performed for α-SMA. Tissues were incubated with the primary antibody for 2 hours at 
Statistical analyses:
The values are expressed as mean ± standard error of the means (SEM). Values of DNA and total protein quantification were analyzed by use of the paired student test (GraphPad Prism 7). Immunohistochemistry scores were analyzed by an exact chi-square test to compare the prevalence of positive staining against the status of the bronchi (native or decellularized) using SAS v.9.3. Values of P ≤ 0.05 were considered significant.
Results:
Decellularization efficiency assessment
Histological assessment
Visual examination under the optical microscope at magnifications 100 and 200 confirmed the absence of cellular structures in decellularized matrices in comparison to the native bronchi (Fig. 1) . The epithelial cell layer was totally removed. It also showed a preserved bronchial architecture after the decellularization process with a maintenance of the tissue organization and the contents in collagen and elastic fibers.
DNA quantification and electrophoresis
A decrease in DNA concentration was observed in decellularized bronchi. The mean DNA concentration in the native bronchi was 843 ng/μl ± 24 whereas it was 10 ng/μl ± 2 (p < 0.0001; Fig. 2a ) after decellularization. Agarose gel electrophoresis revealed that the remaining double-stranded DNA fragment lengths in decellularized bronchi was less than 100 bp (online resource 2).
Protein quantification
Although the difference in total protein concentrations in the native and decellularized bronchi was significant (p = 0.01), the decline in these concentrations remained moderate, to approximately 100 mg/ml (Fig. 2b) . The qualitative and semi-quantitative evaluation revealed that collagen I and IV are not affected by the decellularization process. The fibronectin while decreased, remained detectable in abundant amounts in the decellularized extracellular matrix ( Fig. 3k-3l) .
Recellularization assessment
Five different equine bronchi were recellularized with 3 primary ASM cell lines between passages 3 and 7. Recellularizations from 48 hours to 7 days were modest or absent in all cell-tissue combinations tested (n = 19). However, between days 14 and 21, the ASM cells were detectable in tissue in 17 out of 19 replicates made during 7 different recellularization trials.
At 31 days, ASM cells were observed in all recellularized tissues (n = 20). On 4 different recellularization assays, the amount of ASM cells within the scaffold was maximum at 41 days. The ASM cells that repopulated the decellularized bronchi were first located on the surface of the basement membrane or in the extracellular smooth muscle matrix (14 days). At day 21, ASM cells were present in the smooth muscle layer of the decellularized bronchi and appeared to colonize it preferentially (Fig. 4) . This was confirmed between 31 and 41 days, with abundant cells in the muscular extracellular matrix and adjacent to the bronchial cartilage. However, some cells remained located above the basement membrane. In two recellularization trials with 3 biological replicates, the recellularization was improved at 41 days by transferring the tissue at day 31 in another well for 10 additional days of culture before harvesting.
The immunofluorescent staining confirmed the expression of α-SMA by the cells present in zones of abundant recellularization in the smooth muscle matrix (Fig. 5 ).
On scanning electron microscopy analysis, recellularization was identified in most samples on the tissue surface. On some parts of the ECM, where the resistance seamed reduced, the cells penetrated the tissues, as it is shown in Figure 6 .
Discussion:
In this study, we developed a protocol to recellularize 4 decellularized respiratory bronchi with ASM cells. The results showed a preferential migration and colonization of the muscular extracellular matrix by these cells. This phenomenon is, to the best of our knowledge, reported for the first time in any species. The protocol presented herein will enable the study of the phenotypic changes of ASM cells by an asthmatic ECM.
The initial aim of tissue engineering was to develop organs devoid of immunogenic rejections for transplantation (Baiguera, et al., 2012 , Maghsoudlou, et al., 2013 . It was then adopted in pharmacological and oncological researches to identify the cellular response to drugs and in diseases (Fisher, et al., 2018 , Langhans, 2018 , Yamada and Cukierman, 2007 , as the cells' behavior was shown to vary depending on the 3D structures of the substrate (Duval, et al., 2017 , Edmondson, et al., 2014 . Different organs, including lung tissues, have been decellularized and then recellularized (Stahl, et al., 2018 , Taylor, et al., 2018 , Totonelli, et al., 2012 , Xue, et al., 2018 . Indeed, previous studies have recellularized respiratory tissues mainly with stem cells (Crabbe, et al., 2015 , Doi, et al., 2017 . Recent studies have recellularized horse lung tissues with equine dermal fibroblasts and canine yolk sac cells (da Palma, et al., 2018) , and mouse lungs with human and murine fibroblasts (Burgstaller, et al., 2018) . McClure et al. grafted a decellularized skeletal muscle in the gastrocnemius and demonstrated a regeneration of the graft with the presence of cells and neuromuscular junctions (McClure, et al., 2018) .
However, none of the studies reported a preferential recellularization for specific cell types when seeded on a heterogenous biological matrix.
To the best of knowledge, the present study is the first to attempt to recellularize airways with primary airway smooth muscle cells. Different combinations of smooth muscle cells lineages and matrices were studied and resulted in the colonization of the bronchial smooth muscle matrix by the ASM cells. This preferential colonization likely involved complex cellular mechanisms including integrin expression, adhesion, migration and proliferation and suggests that the decellularized tissue retained enough of its native qualities to allow this process to occur. Da Palma et al. demonstrated that the fibroblasts recellularizing a decellularized horse lung are expressing the N-cadherin, an adhesion biomarker (da Palma, et al., 2018) . This protein may play an important role in the ASM cell migration seen in our study as it has been shown that the migration of the vascular smooth muscle cells is slowed down by the inhibition or the down-regulation of the Ncadherin (Lyon, et al., 2010 , Wang, et al., 2018 . Moreover, the ECM is known to regulate the migration of the ASM cells (Madison, 2003 , Parameswaran, et al., 2004 .
The smooth muscle colonization was uneven as some parts of the bronchi contained more ASM cells than other. This unevenness in cell distribution has also been observed during lung recellularization by endothelial cells (Scarritt, et al., 2018) . Uygun et al. also described variable hepatocytes distribution within hepatic matrix (Uygun, et al., 2012) .
Scan electron microscopy results suggest that cells seem to reach the smooth muscle ECM from zones with low tissue resistance.
The presence of matrikines in the scaffolds may have contributed to this preferential cell colonization. Matrikines are peptides produced from the proteolytic degradation of the extracellular matrix (La Rocca, et al., 2007) . Given the massive cellular destruction that occurs during decellularization, the release of intracellular proteases may have resulted in the production of a high concentration of matrikines within the scaffolds. These peptides would affect cell behavior across integrins by stimulating the secretion of certain growth factors. It has been shown that valine-glycine-proline-valine-glycine (VGPVG), a hydrophobic elastin matrikine, stimulates smooth muscle cell proliferation (Wachi, et al., 1995) . The tripeptide sequence Arginine-Phenylalanine-Lysine (RFK) derived from thrombospondin-I is also mitogenic to smooth muscle cells through the activation of the transforming growth factor (TGF)β (Ribeiro, et al., 1999) . Another peptide, valine-glycine-valine-arginine-proline-glycine (VGVAPG), is chemotactic for fibroblasts (Senior, et al., 1984) . These matrix fragments being mobile and regulating cell behavior, would be potential promoters of myocyte migration observed during recellularization. As indicated above, it is also possible that mechanical factors have facilitated the migration of cells within the matrix of the smooth muscle layer, as scan electron microscopy results suggested that this phenomenon occurred preferentially in zones where the matrix fibers were loose, suggesting low resistance.
GAGs are involved in different biological processes including extracellular matrix-cell interaction and activation of various chemokines (Papakonstantinou and Karakiulakis, 2009 ). They are stained blue on histology using Movat Pentachrome. Interestingly, from the 31 st day of recellularization, a blue coloration in the recellularized zones appeared on the Movat Pentachrome histological staining in 4 of 20 bronchi studied. These findings suggest the secretion of GAGs by the ASM cells, which are known to be secretory of these mucopolysaccharides (Nigro, et al., 2009) .
No decellularization method is, to date, able to offer a complete elimination of the cellular material (Gilbert, et al., 2009) . Thus, four criteria are used to assess the quality of a decellularized matrix: 1) maintenance of matrixial structural protein content, 2) absence of cellular material on histological staining, 3) double stranded DNA should be less than 50 ng/mg tissue and 4) less than 200 bp in length (Crapo, et al., 2011, Gilpin and Yang, 2017) . In agreement with these reports, the bronchial extracellular matrix was histologically free of cellular material with a global maintenance of the bronchial architecture. The DNA concentrations we obtained by fluorometry and electrophoresis were below the thresholds recommended to avoid in vitro cytocompatibility problems (Crapo, et al., 2011) . However, in the context of regenerative medicine, Allman et al. showed that the immunoreactivity of the remnant DNA in a transplanted decellularized matrix could induce graft acceptance through a Th2 type response (Allman, et al., 2001) .
The decellularization protocol that was implemented herein was previously shown to allow a better preservation of the extracellular matrix than other methods (Tsuchiya, et al., 2014 , Wagner, et al., 2014 . The total proteins fluorometric quantification revealed a significant concentration decrease of matrixial proteins in the decellularized bronchi compared to the native ones. This variation was expected as different intracellular proteins are eliminated during this process but the effects on the matrixial proteins seem to depend on the nature of the treated tissue (Gilbert, et al., 2006 , Grauss, et al., 2005 . It has been shown that some cytoskeletal proteins, notably α-SMA and SMMHC, could be detected in decellularized matrices (Bonvillain, et al., 2012 , Gilbert, et al., 2006 , Wagner, et al., 2014 and correspond to the cellular residues observed by electron microscopy (Bonvillain, et al., 2012) . Our results are in agreement with these findings as on confocal microscopy, our decellularized matrices showed staining for α-SMA in some smooth muscle matrix areas. Moreover, the decellularized bronchi maintained their general architecture and protein composition almost unchanged in collagen I and IV, elastic fibers and fibronectin based on histological evaluation and semi-quantitative immunohistochemical scoring of native and decellularized bronchi. Those observations were in agreement with previous reports assessing the maintenance of these matrixial proteins (Baiguera, et al., 2012 , Bonvillain, et al., 2012 , Chani, et al., 2017 , Tsuchiya, et al., 2014 , Wagner, et al., 2014 . Collagens and fibronectin are important for recellularization. Among other roles, fibronectin allow cell adhesion to the ECM and collagens are needed for their infiltration into it (Gilbert, et al., 2006) . Laminin and other matrixial proteins also have cellular adhesion properties and may affect cell behavior and phenotype (Halper and Kjaer, 2014) .
To conclude, we obtained a decellularized bronchial ECM that was successfully, while incompletely, recellularized with primary mature ASM cells over 41 days of culture. We described a preferential colonization of the smooth muscle ECM by these cells. Other investigations would be necessary to identify the factors and proteins that may be implicated in the ASM cell-specific recellularization observed. protein concentrations in mg/ml in 7 native and decellularized bronchi. A significant difference is found for DNA and total protein concentrations between native and decellularized bronchi with respectively, p < 0.0001 and p = 0.01. 
